Signalling is of particular importance in immune cells, and upstream in the signalling 11 pathway many membrane receptors are functional only as complexes, co-locating with particular 12 lipid species. Work over the last 15 years has shown that plasma membrane lipid composition is 13 close to a critical point of phase separation, with evidence that cells adapt their composition in 14 ways that alter the proximity to this thermodynamical point. Macrophage cells are a key 15 component of the innate immune system, responsive to infections, regulating the local state of 16 inflammation. We investigate changes in the plasma membrane's proximity to the critical point, as 17 a response to stimulation by various pro-and anti-inflammatory agents. Pro-inflammatory (IFN-, 18 Kdo-LipidA, LPS) perturbations induce an increase in the transition temperature of the GMPVs; 19 anti-inflammatory IL4 has the opposite effect. These changes recapitulate complex plasma 20 membrane composition changes, and are consistent with lipid criticality playing a master 21 regulatory role: being closer to critical conditions increases membrane protein activity. 22 23 129 GPMV buffer. GPMV buffer is formed by 10mM HEPES, 150mM NaCl, 2mMCaCl 2 , the pH is adjusted 130 to 7.4 with HCl or NaOH. Lastly the vesiculating agent is added and the cells are left in the incubator 131 for 1.5 hours at 37 • C. 20 l of vesiculating agent (2mM DTT, 25mM PFA) is used for each ml of GPMV 132 buffer. The medium is gently harvested and transferred into a falcon tube. The sample is left at 133 37 • C enough to let the blebs deposit on the bottom of the tube: for a volume of 4 ml, 24 hours are 134 enough for the whole sample to sediment. 135 4 of 15 377 Research was funded by EU Marie Curie action ITN TransPol (EC), NIH-R01GM110052 and NSF-378 MCB1552439 (SLV), Cambridge University Commonwealth, European and International Trust (JS) 379 and ITN BioPol (PC), Wellcome Trust Investigator grant 08045/Z/15/Z (CEB). of lipid phases in 431 model and plasma membranes.
Introduction 24
Macrophages are extremely versatile cells of the innate immune system able to activate and 25 adapt their functionality depending on the specific milieu Martinez and Gordon (2014) . Following 26 phagocytosis of material resulting from trauma, or pathogens, or detection of specific functional 27 molecules, macrophages can change their gene regulatory state and polarize into activated states, 28 where for example they produce immune effector molecules such as cytokines for intercellular 29 communication Taylor et al. (2005) ; Mosser and Edwards (2008) ; Brandsma et al. (2018) . The 30 responses manifested as a consequence of different stimulations have been classified in two broad 31 activation states, based on both genetic expression profiling and phenotypic behavior: M1, or 32 classically activated, macrophages have an enhanced bactericidal and tumoricidal capacity and 33 produce high levels of pro-inflammatory cytokines, while M2 macrophages produce low levels of 34 cytokines and have a wound-healing capacity by contributing to the production of collagen and 35 extracellular matrix Martinez and Gordon (2014) ; Lawrence and Natoli (2011) ; Mosser and Edwards 36 (2008) . The stimuli that promote M1 macrophage activation are mainly IFN-, LPS and GM-CSF. 37 IFN-is a cytokine mainly produced by natural killer (NK) and T helper 1 (Th1) cells; signaling from 38 the IFN-receptor (IFNGR) controls the regulation of specific genes related to the production of 39 cytokine receptors, cell activation markers and adhesion molecules Martinez and Gordon (2014) . Lipopolysaccharides (LPS) are a class of molecules of the outer membrane of gram-negative bacteria, 41 these molecules are recognized by the TLR4 receptor Park et al. (2009) ; Kawai and Akira (2010) . 42 TLR4 activation triggers the downstream production of pro-inflammatory cytokines such as TNF- 43 and presentation of antigens Akira and Takeda (2004 (2018) . Any mechanism that modifies local recruitment of 55 membrane proteins, in the context of an assembly step such as dimerization necessary for function, 56 can therefore directly be a regulator of receptor activity. This generalises a well known theme in 57 membrane biochemistry, that proteins with lipid raft affinity have a higher chance to interact Pralle 58 et al. (2000) . The key structures in this study of macrophages, the TLR4 receptor and its co-receptor 59 2 of 15 Manuscript submitted to eLife CD14, are both known to have raft affinity: CD14 is found in lipid rafts both before and after LPS 60 activation, while TLR4 receptors are initially found in non-raft regions and then translocate to rafts 61 after the activation Triantafilou et al. (2002) . It has also been shown that the use of lipid raft 62 inhibitors reduces significantly the production of cytokines related to LPS activation Nakahira et al. 63 (2006) . Moreover, lauric fatty acid seems to be responsible for the recruitment and dimerization of 64 TLR4 into lipid rafts Wong et al. (2009) (1979) . These vesicles are thought to maintain the protein and lipid To measure the T vs cell density dependency, density was measured in two different ways. For 115 some experiments, images of the culture were acquired with a low magnification objective and the 116 density estimated by counting cells from the image and then dividing their number by the field 117 of view area. The same dish was then used to produce GPMVs immediately after. Otherwise for 118 each density we had twin dishes, one was used to count the cells with the hemocytometer, whilst 119 the other was used to produce GPMVs. To check the effect of stimulation on growth rate, an equal 120 number of cells were plated in a multi-well then, for each condition (control, IL4, LPS); cells where 121 counted with the hemocytometer after cell adhesion (0h), then stimulated, according to previously 122 specified concentrations, and counted after 12h. Cells where initially plated to have about 6-7⋅10 3 123 cells/mm 2 at 0h.
124
GPMVs production 125 The procedure for membrane labeling and GPMVs production follows the protocols in Sezgin 136 For the lipids isolation procedure we followed the Bligh and Dyer method Bligh and Dyer (1959) The transition temperature is obtained by fitting the ( ) data with an empirical sigmoidal 185 curve:
Isolation of Lipids, and Gel-assisted vesicles formation
where and are the most interesting parameters to describe the mean and the cell-to-cell 187 variability (GPMVs originate from individual cells) in the transition temperature of the population. 188 Error bars are associated with data points by randomly separating the measurements for a given 189 temperature into three groups, and treating these as independent data sets. These different shapes likely correspond respectively to liquid-liquid and liquid-gel phase coexistence.
We had at this point to check the possibility that the temperature shift observed as a function 234 of the pro/anti-activation treatment might be an indirect effect, due to a differential stimulus-235 dependent growth. To check for this, we measured cell growth through the difference in cell density important in cell biology regulation involving cholesterol Ayuyan and Cohen (2018) . 260 The experiments described so far provide evidence that the composition of the plasma mem-261 brane is regulated according to the external milieu, but we still don't know if this change involves 262 just the lipids and/or also the membrane protein composition or abundance. To address this, we 263 performed an important and seldom considered control: comparing the melting temperature of 264 GPMVs with the same sample after a lipid purification process. The GPMVs sample was divided 265 in two aliquots, and one of them was dissolved, purified and the vesicles re-formed trough the 266 gel-assisted formation technique, as described in the methods section. The two samples are found 267 to have compatible values for their miscibility temperature (see Figure 6 and Figure 6-supplement 1) , 268 meaning that the phase separation phenomenon on GPMVs is lipid driven and that the miscibility 269 temperature is mostly unperturbed by membrane proteins. It is also worth remarking that these 270 reconstituted vesicles have lost any possible bilayer asymmetry maintained in the GPMVs.
271

Discussion
272
It is well known that the plasma membrane is not just a passive support for activity by membrane 273 proteins, and here we have developed the theme that the property of lipids to phase segregate 274 relates to protein interactions Veatch and Cicuta (2018); Kimchi et al. (2018) . GPMVs are an ex-275 tremely useful system to understand this aspect of plasma membranes because they maintain 276 the composition of the original membrane, but they can be studied as an isolated structure and 277 subjected to stringent controls. Our results add to the body of evidence that proximity to the critical 278 point for phase separation can be a global regulator favoring activity, and for the specific case of 279 macrophage cell activation our results are consistent with previous findings that the early stages of 280 TLR4 activation take place in raft domains Triantafilou et al. (2002) .
281
Effect of stimulation on plasma membrane transition temperature 282 We have seen how treatment of macrophages with different stimulating agents affects the melting 308 We suggest here a possible correlation between the role of the cell in the immune defense and 309 the changes in its membrane composition. One can imagine that these cells, depending on their is the reported increased sensitivity to LPS after IFN-treatment, both in mice Matsumura and 320 Nakano (1988) and in macrophages in vitro Darmani et al. (1994) , where a 66% increase of the LPS 321 binding efficiency has been measured.
Speculative correlation between membrane composition and receptor activity
322
Effect of cell density on 323 We see a shift of with cell density. A second mechanism could be identified in the asymmetry in the exposed membrane at different 332 densities. Indeed at high densities the only region of the cell exposed is the top surface while the 333 neighbor cell hide the lateral sides. The vesicles forming from the free surface could therefore be 334 affected by the differences in the membrane composition due to the basal/apical polarization. To 335 test the hypothesis of the interaction through cytokines, we performed an experiment where the 336 10 of 15 medium was periodically changed every 2 hours. This treatment did not produce a significative 337 change in (see Figure in Supplementary Materials), meaning that the density effect is mainly due 338 to interaction through mechanical contact. 339 Even though the density has been proven to be an important factor in the day-to-day variability 340 in the of unstimulated macrophages, this is not enough to explain the variability between 341 independent repeats, indeed just keeping the cells in separate cultures is enough to produce some 342 variability (Figure 4-supplement 1) . To investigate the cause of the day-to-day variation, the 343 effect of cell density was tested, and the results showed that denser populations gave a lower in In the same way as the 'parent' GPMV, it has been checked that vesicles reformed from just the lipid fraction purified from GPMVs undergo phase separation. The images show phase separation (dark domains) appearing at 18 and 12 • C.
